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We develop a simple method for measuring the electron spin relaxation times T1, T2 and T
∗
2
in semiconductors and demonstrate its exemplary application to n-type GaAs. Using an abrupt
variation of the magnetic field acting on electron spins, we detect the spin evolution by measuring
the Faraday rotation of a short laser pulse. Depending on the magnetic field orientation, this allows
us to measure either the longitudinal spin relaxation time T1 or the inhomogeneous transverse spin
dephasing time T ∗2 . In order to determine the homogeneous spin coherence time T2, we apply
a pulse of an oscillating radiofrequency (rf) field resonant with the Larmor frequency and detect
the subsequent decay of the spin precession. The amplitude of the rf-driven spin precession is
significantly enhanced upon additional optical pumping along the magnetic field.
INTRODUCTION
The electron spin dynamics in semiconductors can be
addressed by a number of versatile methods involving
electromagnetic radiation either in the optical range, res-
onant with intraband transitions, or in the microwave
as well as radiofrequency (rf) range, resonant with the
Zeeman splitting [1, 2]. For a long time, the optical
methods were mostly represented by Hanle effect mea-
surements giving access to the spin relaxation time at
zero magnetic field [3]. New techniques giving access
both to the spin g factor and relaxation times at arbi-
trary magnetic fields have been very actively developed.
These are resonant spin amplification [4], with its single-
beam modification [5], and spin noise spectroscopy [6–
8], which was recently improved to increase its sensi-
tivity, extend the accessible range of magnetic fields [9–
11], enable determination of the homogeneous spin relax-
ation time T2 [12–14], and even make it sensitive to spin
diffusion [15]. Nevertheless, the most powerful optical
technique is pump-probe Faraday/Kerr rotation [16–19],
which through the interband electron transitions allows
one to directly address the dynamics of a spin ensem-
ble with (sub)picosecond resolution in a broad temporal
range [20, 21]. The non-optical methods are mostly repre-
sented by electron paramagnetic resonance (EPR) spec-
troscopy where a microwave (or rf) field resonant with
the Larmor frequency of the electron spin precession is
absorbed by the sample. This method can be used also in
the time-resolved mode (pulsed EPR) [22–24]. Recently,
a combination of the pump-probe and EPR techniques
was proposed, where the electron spin ensemble is driven
by the rf pump pulse and the spin precession is probed op-
tically by a laser pulse, for which the Faraday rotation is
measured [25]. This radio-optical pump-probe technique
is easy in implementation and resonantly addresses spin
states allowing to measure the homogeneous spin relax-
ation time T2.
In this paper, we make the next step forward in the
development of the radio-optical pump-probe technique:
(i) We show that the amplitude and direction of the spin
precession that is driven by the rf field can be controlled
by additional circularly polarized optical pumping along
the applied constant magnetic field. Thereby, the signal
level can be significantly increased to make the technique
applicable for T2 determination of numerous material sys-
tems. (ii) We introduce a scheme for measuring also the
longitudinal spin relaxation time T1 and inhomogeneous
transverse spin dephasing time T ∗2 . We exploit the fact
that the equilibrium spin polarization is controlled by
the magnetic field, and create an abrupt, small change
in the magnetic field magnitude or direction with an rf
coil, in order to observe the spin evolution towards a new
equilibrium state.
DETAILS OF THE TECHNIQUE
The detailed experimental scheme is shown in Fig. 1.
The experiment is performed on a Si-doped GaAs sample
with the electron concentration of 1.4× 1016 cm−3 (350-
µm-thick bulk wafer) near the metal-to-insulator transi-
tion [20, 25]. The sample is placed in a variable temper-
ature He-bath cryostat (T = 1.6− 300 K) with a perma-
nent magnet placed outside on a controllable distance.
A constant magnetic field B up to 15 mT is applied ei-
ther perpendicular or parallel to the light propagation
direction and to the sample normal (Voigt and Faraday
geometry, respectively). In the high-frequency experi-
ments the sample is placed in a cryostat with a split-coil
superconducting magnet for generating magnetic fields
up to 6 T. The rf magnetic field b(t) with an ampli-
tude up to 2 mT is applied along the sample normal
using a small coil (. 1 mm-inner and ∼ 1.5 mm-outer
diameter), placed near the sample surface. The current
through the coil is driven by a function generator (except
for the high-frequency experiments described in the last
2FIG. 1. Scheme of the experiment. A rapid change of the magnetic field produced by the coil connected to the function
generator induces the electron spin polarization dynamics in the sample. The spin dynamics is probed by the Faraday rotation
of the linear polarization of the optical pulses picked from a train of laser pulses. The dynamics of spin precession is scanned
by changing the delay between the synchronized RF and optical pulses. Note that the constant magnetic field may be applied
either in the Voigt (shown) or the Faraday geometry.
section), which creates voltage pulses of either sinusoidal
[up to 75 MHz, Fig. 2(e)] or rectangular [Fig. 2(a) and
2(c)] form. The rf field pulse created by the coil acts
as pump pulse in the spin dynamics experiment. For
probing, we use 2-ps-long optical pulses generated by a
Ti:Sapphire laser. The laser emits a train of pulses with
a repetition rate of 76 MHz, which is reduced to 200 kHz
(exemplary value used in our experiment) by selecting
single pulses with an acousto-optical pulse picker that is
synchronized with the laser. The arrival of the rf pulses
is synchronized with the laser pulses using a signal from
the pulse picker that triggers the function generator. The
repetition frequency of the rf pulses is reduced by a factor
of 2 with respect to that of the laser pulses. The latter
is required for synchronous detection at the repetition
frequency of the rf pulses of 100 kHz. Thus, the differ-
ence of the optical signal, with and without rf pulse is
detected. The delay between the pump rf pulses and the
probe laser pulses is varied electronically using a function
generator, see also Ref.[25]. The probe laser pulses are
linearly polarized and their polarization after transmis-
sion through the sample is rotated by 45◦ with respect
to the horizontal plane using a λ/2 wave plate. In what
follows, using a Wollaston prism, the probe beam is split
into two orthogonally polarized beams of approximately
equal intensities which are registered by a Si-based bal-
anced photodetector. The Faraday rotation of the probe
beam polarization induced in the sample is detected as
an imbalance in the intensities of the above-mentioned
two beams. The laser wavelength is set to 827 nm.
In the experiments with additional optical pumping
[Fig. 4 (b)], the center of the rf coil and probe spot are
close to the sample edge. This edge is illuminated from
the side, almost perpendicularly to the sample normal,
by the laser beam focused onto an 0.5 mm spot to over-
lap with the probe beam inside the sample. The ad-
ditional illumination is split off from the emission of the
same pulsed Ti:Sapphire laser before the pulse picker and
modulated with an electro-optical modulator (EOM) to
produce 1-µs-long pulses synchronized with the rf pulses.
The characteristic rise and decay times of the pulses be-
hind the EOM are about 200 ns. The helicity of the
optical pumping is set with the linear polarizer and λ/4
wave plate.
MEASUREMENT OF T1, T
∗
2 AND T2
We study the spin dynamics of resident electrons in
the conduction band of a bulk GaAs sample which were
introduced by doping. In the external magnetic field B,
the electron ensemble has an equilibrium spin polariza-
tion S which is determined by thermal distribution be-
tween Zeeman-split spin levels. Spin polarization S is
proportional to and directed along B. Using this fact,
we rapidly change B and monitor the evolution of the
spin polarization towards a new equilibrium state.
In the first experiment [Fig. 2(a)], the magnetic field
B is applied in the Faraday geometry along the sample
normal (z-axis). Using the rf coil, we induce a small
3FIG. 2. Measurement of T1, T
∗
2 and T2. From left to right: temporal profiles of the rf coil field b(t), schematic presentations
of the experimental geometries, evolutions of the spin polarization, and corresponding measured dynamics of the electron spin
polarization along the z-axis. (a),(b) The constant field B in the Faraday geometry and step-like profile of b(t) allow one
to measure T1. (c),(d) The B in the Voigt geometry and step-like profile of b(t) allow one to measure T
∗
2 . (e),(f) The B in
the Voigt geometry and sinusoidal profile of b(t) resonant with the Larmor frequency [ω = ωL = 2pi×(50 MHz)] allow one to
measure T2. The red dashed lines in Figs. 2(b),(d),(f) show model fits to the experimental data. T = 2 K.
Experimental configuration Measured spin Spin polarization Limitations
relaxation time amplitude
Faraday B ‖ b, step-like b(t) T1 χb Level of the signal
Voigt B ⊥ b, step-like b(t) T ∗2 χb Level of the signal, magnetic field
Voigt B ⊥ b, sinusoidal b(t) T2 1
2
T ∗2√
T1T2
χB None
TABLE I. Summary of the experimental configurations used to measure the different spin relaxation times.
(. 2 mT) and rapid (∼ 20 ns) change in the magnetic
field magnitude by applying the additional magnetic field
b(t) ‖ B with a step-like temporal profile. Just after the
beginning of the b(t) pulse and after its end we observe
the longitudinal spin relaxation towards a new equilib-
rium state occurring on the time scale of T1 ≈ 300 ns
[Fig. 2(b)]. The signal is also contributed by the Faraday
rotation that is inevitably present in bulk GaAs and not
related to the spin polarization of resident carriers. This
contribution instantaneously follows the b(t) profile and
does not contribute to the decaying part of the dynam-
ics. The short spikes at the beginning and at the end of
the b(t) pulse are caused by transient processes in the rf
contour.
In the second experiment, which is also based on the
repolarization of the electron spin system, B is applied
in the Voigt geometry perpendicular to the sample nor-
mal [Fig. 2(c)]. The rapid application of the field b ⊥ B
using the rf coil induces a rapid tilt of the total mag-
netic field Btot = B + b(t) by an angle ≈ b/B. As a
consequence, we observe spin precession about the new
direction of the magnetic field with the Larmor frequency
ωL = |g|µBBtot/ℏ and relaxation with the inhomoge-
neous spin dephasing time T ∗2 ≈ 300 ns [Fig. 2(d)]. The
dynamics of the spin polarization for different values of
B in this experiment are shown in Fig. 3(a). The depen-
dence of the spin precession frequency ωL on B is shown
in Fig. 3(b). As expected, ωL increases linearly with B
allowing to determine |g| = 0.44. It is known that in
GaAs g < 0, so g = −0.44.
In the third experiment [Fig. 2(e)], B is still oriented
in the Voigt geometry and we apply the oscillating rf field
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FIG. 3. Magnetic field dependence of spin precession. (a)
Dynamics of the electron spin polarization after the step-like
change of b(t) [configuration of Fig. 2(c)] for different values
of the constant magnetic field B applied in the Voigt geome-
try. (b) Larmor precession frequency ωL as a function of the
magnetic field B. T = 2 K.
b(t) = ba sin(ωt) with ω = ωL, which causes a gradual
declination of the spin polarization S from the direction
of B and its precession around B [Fig. 2(f)], i.e. the
onset of a transverse oscillating component of S. Note
that in an electron spin ensemble with inhomogeneous g-
factor distribution, the rf field affects only the spins with
ωL − 1/T2 . ω . ωL + 1/T2 [25] unlike in the previous
experiment, where all spins become involved. Thus, after
the rf field is switched off, only these spins contribute to
the spin polarization decay with a decay time close to
T2 rather than T
∗
2 . From the experiment we obtain the
spin precession decay time T2 ≈ 300 ns. In the studied
n-GaAs sample the electron density exceeds the metal-
insulator transition and the majority of the electrons are
free. Therefore, the individual spin properties are shared
in the spin ensemble due to spin exchange averaging [26,
27], leading to T2 ≈ T ∗2 . For the samples with strongly
localized electrons one would expect T ∗2 ≪ T2 especially
at high B.
Thus, these three experimental configurations allow
us to measure all spin relaxation times T1, T2, and T
∗
2 .
Nevertheless, the applicability of the radio-optical pump-
probe technique to a wide range of systems depends on
the signal level as we discuss below. This technique is
based on inducing a controllable deviation of the spin
polarization from its equilibrium (stationary) value Sst
which is determined by the thermal population of Zee-
man levels. More specifically [25]:
Sst = χBtot, (1)
χ ≈ − gµB
12n0
∂n(µ, T )
∂µ
|µ=µ0
≈ −gµB ×
{
1
12kBT
, kBT ≫ ǫF
1
8ǫF
, kBT ≪ ǫF.
(2)
Here we assume that the maximal spin polarization is
1/2, µB is the Bohr magneton, kB is the Boltzmann con-
stant, µ is the chemical potential (in the limit of T = 0 it
is identical to the Fermi energy ǫF), n0 = n(µ0, T ) is the
total electron concentration, and we take into account
that |g|µBB ≪ kBT, ǫF. Note, χ > 0 for g < 0.
In the first two experimental configurations, after the
rapid change of the magnetic field, the spin polarization
deviates from its new equilibrium value by χb which de-
termines the amplitude of the signal. In the third (EPR-
based) experimental configuration a significant fraction
of the initial equilibrium spin polarization χB is involved
in the spin precession and its amplitude reaches the max-
imal value Smaxz = χBT
∗
2 /2
√
T1T2 for the rf field ampli-
tude ba = 2ℏ/|g|µB
√
T1T2 (see the Model section). These
results are summarized in Table I. The dynamics of the
spin polarization in all three experimental configurations
are calculated in the Model section below and reproduce
well the experimental observations [model fits to the ex-
perimental data are shown by the red dashed lines in
Figs. 2(b),(d),(f)].
SIGNAL ENHANCEMENT WITH ADDITIONAL
OPTICAL PUMPING
From the above discussion and Table I one can see that
in the repolarization (the first two) experiments, the level
of the signal is almost independent on B and proportional
to the rf coil field b which is difficult to make larger than
a few milliTesla. On the other hand, in the EPR (third)
experiment, the signal quickly saturates with b (to be
precise it shows Rabi oscillations as a function of b) and
is proportional to the magnetic field B, which can be
as large as several Tesla. Correspondingly, the rf field
frequency should be tuned towards the GHz range to be
resonant with the electron Zeeman splitting.
There is another way to increase the signal in the EPR-
based experiment [Fig. 2(e),(f)]. In general, the level of
the signal in EPR is determined by the spin polarization
along B which is usually in equilibrium, Sst = χB. How-
ever, we can create nonequilibrium spin polarization by
illuminating the sample edge along B (perpendicular to
the sample normal) with circularly polarized laser light
[3]. The advantage of this optical pumping has been al-
ready realized in the continuous wave EPR experiments
[28, 29]. Additional pumping has a dual effect on the spin
precession induced by the rf field. First, it depolarizes
the precessing spin component and reduces its amplitude
and dephasing time [30]. The second effect of the optical
pumping is the desired one: It generates a nonequilib-
rium spin polarization SOP ∝ POP (POP is the pump
power density) which contributes to the equilibrium po-
larization Sst = χB. The scheme of this experiment is
given in Fig. 4(b), and the temporal profiles of the rf coil
field and optical pumping are shown in Fig. 4(c). We
switch the optical pump off just at the onset of the rf
5FIG. 4. Effect of optical pumping. (a) Dynamics of the electron spin polarization created by the rf field resonant with
the Larmor frequency for different powers and helicities of the optical pumping incident on the sample edge. B = 8.3 mT,
ω = ωL = 2pi×(50 MHz), ba = 0.2 mT, rf pulse duration is 160 ns. (b) Scheme of the experiment with optical pumping. (c)
Temporal profiles of the rf field b and optical pump. (d) Spin precession amplitude just at the end of the rf pulse as a function
of the optical pump power density for different helicities. Lines show linear fits. T = 6 K.
pulse, so it almost does not perturb the spin precession,
while the nonequilibrium spin polarization, that it has
generated, SOP, is still present (it decays with time T1).
The other advantage of the limited duration of the addi-
tional illumination is reduction of nuclear spin polariza-
tion. Electron spins, oriented by the additional illumina-
tion, polarize the nuclear spins by acting on them by the
effective Knight magnetic field [31]. A nuclear spin polar-
ization, in turn, creates an effective Overhauser magnetic
field acting back on the electron spins [32]. This leads to
a shift of the electron spin Larmor frequency with sign
and magnitude dependent on the helicity and intensity
of the pumping, respectively, which is unwanted in our
experiments.
Figure 4(a) shows the electron spin polarization dy-
namics during the rf pulse having the frequency reso-
nant with ωL for different power densities and helicities
of the optical pump. Interestingly, additional pumping
with σ− helicity enhances the spin polarization preces-
sion amplitude, while increasing power of σ+ pumping
first completely suppresses the spin precession signal be-
fore enhancing it. When crossing the zero with increas-
ing σ+ pumping density, the spin polarization oscillations
change phase by π [see the dashed line in Fig. 4(a)], i.e.
the spin precession reverses its direction. The depen-
dence of the spin precession amplitude just after the rf
pulse on the optical pump power density is summarized
in Fig. 4(d). For σ− pumping (triangles) it increases lin-
early by more than a factor of three. For σ+ pumping
(circles) the amplitude decreases linearly with the oppo-
site slope with respect to the σ− pumping case. Here
we assume that the amplitude becomes negative when
the precession flips the direction. And finally, we have
checked that for linearly polarized pumping (squares),
which produces no spin polarization, the spin precession
amplitude is unchanged.
This behavior can be easily explained. The total spin
polarization along B for σ± pumping is Sst+Sσ±OP, where
Sσ±OP ∝ POP. Correspondingly the spin precession ampli-
tude after the rf pulse (see the Model section) is given
6by:
Saσ± = S
a · (1∓ κPOP), (3)
where Sa is the spin precession amplitude without optical
pumping and κ is a coefficient dependent on the spin ori-
entation efficiency with optical pumping. Interestingly,
for n-GaAs in the metallic phase, like the sample under
study, the optical pumping efficiency is extremely low
especially for photon energies below the band gap [33].
Nevertheless, we can significantly enhance the spin pre-
cession amplitude by applying additional circularly po-
larized pumping. For systems with localized electrons,
where optical pumping is efficient, we expect a strong
enhancement of the spin signal. Note, this experiment
provides access to the homogeneous spin relaxation time
T2, unlike all-optical pump-probe techniques.
TOWARDS HIGH-FREQUENCY EXPERIMENTS
The key point in the realization of the EPR-like pump-
probe experiments [Fig. 2(e),(f)] is the phase of the sinu-
soidal voltage profile which should be synchronized with
the laser pulses and with the start of the burst. Thus, in
each burst, the rf oscillations should start from the same
phase. This goal is easily achieved with an arbitrary
function generator producing the required voltage pro-
files synchronous with the laser pulses. However, the fre-
quency range of such voltage generators is limited, which
limits the magnetic field at which spin dynamics can be
measured. High-frequency generators, on the other hand,
can produce sinusoidal rf or microwave output which can
be modulated either internally or externally to produce
bursts. In the case of internal modulation, the rf phase
may be fixed within each burst, but it is hardly possible
to synchronize the bursts with the laser pulses. When
the bursts are triggered externally by the signal from the
laser (pulse picker) and, thus, synchronized with the laser
pulses, the rf phase varies from burst to burst, smashing
the signal in the experiment. We show that in the lat-
ter case the spin dynamics nevertheless can be measured
with a modified electronic part of the setup [Fig. 5(a)].
The trigger from the laser pulses selected by the pulse
picker at frequency f0 ≈ 1 MHz (we give here as an ex-
ample the frequency values used in our experiments) is
transformed by the arbitrary function generator to a rect-
angular pulse of the desired length. The pulse is sent to
the high-frequency generator and modulated by the car-
rier frequency fc = 0.1− 67 GHz, forming the burst that
is applied to the coil/antenna/resonator near the sample.
Note, 2πfc should be close to the Larmor frequency ωL.
If we consider the k-th laser pulse delayed from the rf
burst by ∆t (the delay is controlled by the function gen-
erator), the spin polarization at the moment of the pulse
is S = A exp(−∆t/T2) cos(ωL∆t+2πkfc/f0). The phase
term reflects the phase variation from pulse to pulse. We
can select the carrier frequency fc = nf0 + ∆f , where
n is an integer and ∆f is a small enough frequency so
that the frequency n∆f is in the operation range of the
lock-in amplifier. Thus, the balanced detector registers a
signal proportional to S(t) = A exp(−∆t/T2) cos(ωL∆t+
2π∆ft), varying as a function of the time t =
k/f0. This signal is demodulated by the lock-in am-
plifier giving the signals A exp(−∆t/T2) cos(ωL∆t) and
−A exp(−∆t/T2) sin(ωL∆t) in the X and Y channels, re-
spectively. To provide the reference for the lock-in am-
plifier at frequency ∆f , we take the signal at frequency
fc/n (which is synchronous with the signal on fc) from
the low-frequency output of the generator, mix it with the
signal at f0 and using the low-frequency filter select the
component with the difference frequency fc/n− f0. This
component is received as reference by the lock-in am-
plifier which uses its n-th harmonic for synchronization.
Thus, this scheme enables spin dynamics excitation by
the rf/microwave radiation in the GHz frequency range
which is then measured through optical detection. Here
the jitter between the rf bursts and laser pulses impose
the main limitation on the maximal Larmor frequency
(and magnetic field). This jitter can be as small as few
tens of ps corresponding to a magnetic field of several
Tesla.
The dynamics of the spin precession measured by this
technique up to fc ∼ 1 GHz is shown in Fig. 5(b). At
higher frequencies the rf coil used to deliver the oscillat-
ing magnetic field to the sample becomes extremely inef-
ficient and should be replaced by a microwave antenna or
resonator for specific frequencies. The dependence of the
spin coherence time T2 on the magnetic field is shown in
Fig. 5(c). T2 decreases with B similar to the inhomoge-
neous spin dephasing time T ∗2 [20]. The decrease of T
∗
2
with B is usually attributed to the spread of electron g
factors δg leading to a corresponding spread of Larmor
frequencies, so that, 1/T ∗2 (B) = 1/T
∗
2 (0) + δgµBB/ℏ. In
the experiment in Fig. 5 the rf field affects an electron
subensemble with a more narrow distribution of Larmor
frequencies than one may expect from δg. In the case
of localized noninteracting electrons we would expect a
suppressed decrease of T2 with B. However, in our case
the electron density is around the metal-insulator tran-
sition, so that the electrons are delocalized and efficient
spin exchange averaging is present [26, 27]. As a result,
the subensemble affected by the rf share its spin polar-
ization with the entire electron ensemble on a picosecond
time scale, leading to the recovery of the Larmor fre-
quency distribution. Thus, for a system with delocalized
electrons T2 and T
∗
2 are hardly distinguishable.
MODEL
Here we show that depending on the orientation of the
constant magnetic field and on the temporal profile of the
7FIG. 5. High-frequency experiments. (a) Modified electronic part of the experimental scheme, allowing for high-frequency
experiments. The rf bursts are produced by the high-frequency generator, while their delay and duration are controlled by
the low-frequency function generator synchronized with the laser pulses. (b) Dynamics of the electron spin polarization in the
extended range of constant magnetic fields B applied in the Voigt geometry, corresponding to the rf frequencies up to 1 GHz.
The red dashed lines show exponential decays. (c) Spin coherence time T2 as a function of magnetic field B. The duration of
the rf bursts is 320 ns, T = 2 K.
rf field it is possible to measure longitudinal and trans-
verse inhomogeneous as well as homogeneous spin relax-
ation. The evolution of the electron spin polarization S
in a magnetic field is described by the Bloch equation
[34, 35]:
dS
dt
= −gµB
ℏ
S×Btot − γˆ(S− Sst), (4)
where Btot = B + b(t) is the total magnetic field, B is
its constant component and b(t) is the time-dependent
component induced by the rf coil, γˆ is the relaxation
matrix reducing to 1/T1 for the S component along Btot
and to 1/T2 for the orthogonal component, and Sst =
χBtot is the stationary spin polarization in the field Btot.
The solution of Eq. (4) for constant Btot is well
known: the component of the initial spin S0 along Btot
tends to Sst as exp(−t/T1), while the transverse compo-
nent precesses with the Larmor frequency and decays as
exp(−t/T2).
(i) In the first experimental configuration [Fig. 2(a)]
both B and b are directed along the sample normal (z-
axis). Using the rf coil we rapidly change the magnitude
of the magnetic field. Initially (at t < 0) Btot = B,
than Btot is rapidly increased, so that at 0 ≤ t < Trf,
Btot = B+ b, where Trf is the duration of the field pulse,
and finally at t ≥ Trf the magnetic field is reduced to B.
In this case, the measured spin component is given by:
Sz(t) = χB+χb×


0, t < 0
1− exp
(
− tT1
)
, 0 ≤ t < Trf[
exp
(
Trf
T1
)
− 1
]
exp
(
− tT1
)
, t ≥ Trf.
(5)
Note, the the constant term χB is not measured in the
experiment due to the use of a synchronous detection
scheme.
(ii) In the second experimental configuration [Fig. 2(c)]
B and b are directed perpendicular and along the sample
normal, respectively. Using the rf coil we rapidly tilt the
magnetic field from B to B + b and after time Trf back
to B. In this case
Sz(t) ≈ χb×


0, t < 0
1− cos(ωLt) exp
(
− tT∗
2
)
, 0 ≤ t < Trf
cos [ωL(t− Trf)] exp
(
− t−TrfT∗
2
)
, t ≥ Trf,
(6)
where and in what follows we assume b ≪ B, so that
ωL = |g|µBB/ℏ. Here, for simplicity, we also assume
that the duration of the field pulse Trf ≫ T1. Otherwise,
the third expression should be multiplied by the constant
1 − cos(ωLTrf) exp (−Trf/T ∗2 ). Note that the magnetic
field tilt equally affects all spins in the inhomogeneous
ensemble. While the precession of each separate spin
decays as exp(−t/T2), averaging over all spins with the
spread of Larmor frequencies ∆ωL results in a decay with
the reduced time T ∗2 , 1/T
∗
2 = 1/T2 +∆ωL.
(iii) In the third experimental configuration [Fig. 2(e)]
B and b are directed perpendicular and along the sam-
ple normal, respectively. We apply a sinusoidal voltage
to the rf coil resulting in b(t) = ba sin(ωt). Here we
consider only the resonant case ω = ωL. Initially, at
t < 0, the spin polarization is in equilibrium and equals
to Sst = χB. Nevertheless, we consider the more general
case of an arbitrary initial spin polarization S0 along B,
which can be also contributed by the optical pumping.
The oscillating field b(t) drives a gradual declination of
S from the direction of B and its precession about B.
The spin component along the sample normal can be ex-
8pressed as
Sz(t) = {cos(ΩRt) exp(− t
τ
)+
+
[
1
τΩR
− |g|µBb
aη
2ℏΩR
S0
χB
]
sin(ΩRt) exp(− t
τ
)− 1}×
× χB
η
cos(ωt), (7)
where
η =
T1
2
|g|µBba
ℏ
+
2
T2
ℏ
|g|µBba . (8)
The first two terms describe Rabi oscillations with the
frequency and decay time given by the following equa-
tions:
ΩR =
[(
gµBb
a
2ℏ
)2
+
(
1
T1
− 1
T2
)2]1/2
, (9)
τ =
2T1T2
T1 + T2
. (10)
The Rabi oscillations were observed directly in the spin
dynamics in the work [25]. The third term in Eq. (7)
gives the steady state spin precession. The amplitude of
the spin precession at t≫ τ reaches its maximal value of
Smaxz =
√
T2/T1χB/2 at b
a = 2ℏ/|g|µB
√
T1T2, which is
less than 1 mT for T1 ∼ T2 ∼ 300 ns. After the rf field is
switched off at t = Trf ≫ τ , the spin polarization decays
as
Sz(t) = −χB
η
cos(ωt) exp
(
− t− Trf
T2
)
. (11)
For strongly inhomogeneous spin ensemble with T ∗2 ≪
T2, the rf field affects only spins with ωL − 1/T2 . ω .
ωL + 1/T2 [25], while the Larmor frequency spread of
the entire ensemble is about 1/T ∗2 . Therefore, the decay
time in Eq. (11) is not strongly affected by the inhomo-
geneous broadening and is reduced at most twice (being
still much longer than T ∗2 , e.g., for localized electrons).
Nevertheless, the steady-state spin precession amplitude
is reduced by a factor T2/T
∗
2 and its maximal value can
be finally evaluated as
Smaxz =
1
2
T ∗2√
T1T2
χB. (12)
The optical pumping with circular polarization along
B, acting before the rf pulse arrival creates an initial
spin polarization different from χB:
Sσ±0 = χB ∓
αT1
2Elaslne
POP, (13)
where POP is the pumping power density, Elas is the laser
photon energy, ne is the density of resident electrons, l is
the penetration depth of the pump beam into the sample,
and α is the spin orientation efficiency i.e. the probabil-
ity to completely polarize the spin of a resident electron
with one photon. α is related to the degree of circu-
lar polarization of the photoluminescence upon circularly
polarized excitation, which was shown to be very low (a
few percent) for n-GaAs in the metallic phase [33]. Note
that the spin polarization is normalized to the total num-
ber of resident electrons. Taking into account the initial
spin polarization S0 6= χB in Eq. (7), we finally arrive at
Eq. (3) giving the spin precession amplitude at the end
of the rf pulse, where Sa and κ can be easily found from
Eq. (7).
CONCLUSION
We have developed methods for spin manipulation and
readout using combined rf and optical fields to enable
measurement of the main spin relaxation times T1, T2
and T ∗2 using a radio-optical pump-probe technique. The
three corresponding experimental configurations as well
as their limitations are summarized in Table I. When
measuring T1 the signal is limited by the strength of
the varying magnetic field, whereas there is no limita-
tion for the constant magnetic field B. When measur-
ing T ∗2 , the signal is also limited by the varying mag-
netic field strength, while the rate of its variation which
should be large compared to the Larmor frequency im-
poses a clear limitation on the constant magnetic filed.
In the EPR-like experiments allowing to determine T2 we
lifted the limitations on the signal level using additional
optical pumping along B. Furthermore, we proposed
a scheme allowing one to perform these experiments at
high frequencies corresponding to high magnetic fields.
This paves the way for an application of the radio-optical
pump-probe technique to a wide range of material sys-
tems.
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